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ABSTRACT 

This  document inco rpora t e s  t h e  r e s u l t s  of a survey on 
spacecraEt v i b r a t i o n  induced f a i l u r e s  experienced dur ing  
laboratory t e s t i n g  and the launch and bcos t  p o r t i o n  of 
t h e  miss ion .  Twenty-eight d i f f e r e n t  types  of spacecraft, 
involv ing  83 f l i g h t  models, comprised t h e  data sample. 
A stat is t ical  and r e l i a b i l i t y  a n a l y s i s ,  coupled w i t h  t h e  
f a i l u r e  d a t a ,  was made to  def ine  t h e  spacecraft v i b r a t i o n  
f l i g h t  and tes t  f a i l u r e  rates according t o  t h e  complexity 
of the  spacec ra f t ,  t h e  s e v e r i t y  of t h e  v i b r a t i o n  
environment, and t h e  i n t e n s i t y  of t h e  q u a l i f i c a t i o n  and 
acceptance v i b r a t i o n  test programs. 

Key lords 

Vibra t ion  F a i l u r e s  
Spacecraft Refurbishment 
F a i l u r e  R a t e  
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CPS 

G 

Gxms 

PSD 

9 

s/c 
x 

N 

Frequency i n  cyc le s  per  second 

Accel-eration i n  g r a v i t a t i o n a l  u n i t s  

Root mean squared a c c e l e r a t i o n  

Power s p e c t r a l  dens i ty  

Maximum dynamic pressure 

Spacec ra f t  

F a i l u r e  Rate 

N u m b e r  of f a i l u r e s  

DEFINITIONS 

ACCEPTANCE TEST - A test to detect; workmanship d e f i c i e n c i e s  
in a component, subsystem or system which i s  des t ined  for  
u s e  i n  service. The test  enviwonnent may or may n o t  simu- 
l a te  the  maximum expected s e r v i c e  environment, bu t  t h e  test  
l e v e l  i s  gene ra l ly  less t h a n  t h e  q u a l i f i c a t i o n  t e s t  l e v e l .  

COMPONEKT - An i n t e g r a l  package such as a camera, a valve ,  
a b a t t e r y  or a transmitter, 

QUALIFICATION TEST - A t e s t  on a component, subsystem or 
system to  demonstrate design c a p a b i l i t y  t o  wi ths tand  a 
c r i t i c a l  s e r v i c e  environment. The test environment is 
usual ly  a conserva t ive  s imula t ion  of t h e  maximum expected 
s e r v i c e  environment i n  order t o  establish design margins. 

SUBSYSTEM - A group of  components which i s  p a r t  of a l a r g e r  
systerr.. 
module c o n s i s t i n g  of two f u e l  ce1.L sections, a hydrogezi t m k ,  
and oxygen t a n k ,  pressure regulators, valves  and a s soc ia t ed  
tubing and wir ing .  

An example of a subsystem is  the Gemini f u e l  cel.!. 

SYSTEM - A complete or  major p i r t i o n  of a s p e c e c r a f t  

‘TEST PA: TERN - Thc vibxatjo? 1 e v t . l ~  and duration which to.:ethcr 
comprise an acceptance or qualif: cation vibration t e s t .  



1.0 In t roduc t ion  

T h i s  survey w a s  performed t o  suppor t  a concurren t  siirvey 
involved  wi th  an in-depth s tudy of v i b r a t i o n  t e s t i n g  of 
four major spacecraf t ;  programs: Mariner, Gemini, Lunar 
Orbitor and Surveyor. (Reference 1) 

1.1 Scope 

During t h i s  survey data w a s  obtained on s p a c e c r a f t  f a i l u r e s  
exper ienced  i n  a v i b r a t i o n  environment. This  included t h e  
q u a l i f i c a t i m ,  acceptance and f l i g h t  environments. The 
data w a s  coupled wi th  basic r e l i a b i l i t y  theory  t o  derive: 
w i t h  t h e  suppor t  of t h e  c o l l e c t e d  empir ica l  data, t h e  
failare rate ( A )  of a spacec ra f t  subjec ted  t o  a v i b r a t i o n  
environment. This  document p re sen t s  t h e  r e s u l t s  of a 
s t a t i s t i ca l  and r e l i & i l i t y  a n a l y s i s  capable  of p r e d i c t i n g  
s p a c e c r a f t  v i b r a t i o n  f l i g h t  and test f a i l u r e  tests according 
t o  the complexity of t h e  S/C, t h e  s e v e r i t y  of t h e  v ib ra t ioAi  
environment and t h e  i n t e n s i t y  of t h e  q u a l i f i c a t i o n  and 
acceptance  v i b r a t i o n  test  program. 

1,2 Summary 

T h i s  documer,t p r e s e n t s  t h e  r e s u l t s  of a survey of space- 
craft v i b r a t i o n  induced f a i l u r e s .  The source  data o r i g i n a t e d  
from 28 d i f f e r e n t  S/C programs involv ing  83 f l i g h t  models. 

A r e l i a b i l i t y  a n a l y s i s  was performed us ing  reported vibration 
component r e l i a b i l i t y  stress factors and an  average S/C 
MTBF found f r o m  72 f l i g h t  models. The t h e o r e t i c a l  f a i l u r e  
ra te  w a s  shown t o  be propor t iona l  t o  g N t ,  where g i s  t h e  
v i b r a t i o n  a c c e l e r a t i o n  l e v e l  N i s  a cons t an t  and t is time: 
A n a l y t i c a l l y ,  N is shown t o  vary between 1.76 ar,d 2.17. 

When t h e  s p a c e c r a f t  f a i l u r e  Zata is normalized t o  e i t h e r  
piece-part count or spacec ra f t  weight,  it is shown t o  be 
propor t iona l  t o  9% . 
The e f f e c t  of q u a l i f i c a t i o n  and acceptance v i b r a t i o n  t e s t i n g  
on t h e  r e l i a b i l i t y  of a f l i g h t  model has  been ca l cu la t ed .  
The p r o b a b i l i t y  of fli h t  model f a i l u r e  inc reases  wi th  

i n c r e a s i n g  va lues  i n  acceptance t e s t i n g .  
c a t i o n  t es t  models were also included i n  t h e s e  anaLytica1 
t r ea tmen t s  

decreas ing  v a l u e s  o f  g s t i n  q u a l i f i c a t i o n  t e s t i n g  and 
Refurbished q u a l i f i -  

Th i s  document concludes wi th  a review of t h e  a p p l i c a t i o n  of 
r e l i a b i l i t y  theory  and t h e  data acquired dur ing  t h i s  survey 
t o  show how t h e  optimum S/C v i b r a t i o 3  environmental  t e s t  
program can be chosen commensurate w i t h  t h e  r equ i r ed  r e l i a b i l i t y .  

1-1 



2.0 BACKGROU:<C 

Vibration of a spacecra-, (S/C) or of S/C equipaent  may 
cause f a i l u r e s  by e i t h e r  a f a t i g u e  process or b f a  resonant  
induced overload. Gemra l ly ,  a combination of these two 
f a i l u r e  modes is p rescn t  i n  a v i b r a t i o n  environsient. The 
fa i - lure  m d c  most damaging is t h e  resonant  one occurr ing  
when the n a t u r a l  frequency of a system or  piece par t ,  
coincides  wi th  t h e  e x c i t i n g  v i b r a t i o n  frequency, when this 
occurs dynamic a n p l i f i c a t i o n  factors of 10 to  100 are n o t  
uncomiion. The exac t  ampl i f ica t ion  factor is dependent on 
the danping wi th in  t h e  system s i n c e  t h e  s t r a i n  h y s t e r e s i s  
is t h e  major process i n  which the ap2l ied  energy can be 
dissipated. 

Exci ta t ion  frequencies  below 30 c y c l e s  per second w i l l  
genera l ly  only excite s t r u c t u r a l  systems, the l a r g e r  more 
massive s t r u c t u r e s  such as the Saturn  V, have fundamental 
bending frequencies  a t  about 2 to 5 cps. E x c i t a t i o n  
frequencies between 30 and 200 cps w i l l  gene ra l ly  e x c i t e  
large piece part comoonents suck as  t ransformers ,  w i r e  
bundles and panels.  S m a l l  parts such as transistors, 
diodes, and e l e c t r o n i c  tube f i l amen t s  are most s e n s i t i v e  t o  
Vibration f requencies  ranging between 200 and 1500 cps. 

It has becom standard procedure t o  subject a prototype 
soacecraft to a severe v i b r a t i o n  ewironmenta l  test Lefore 
f i n a l i z i n g  t h e  S/C design,  and after f a b r i c a t i o n ,  each 
flight ur- i t  to a low l eve l  v i b r a t i o n  test prior t o  launching. 
The purpose o fa these  tests, called Q u a l i f i c a t i o n  and Accep- 
tance Vibrat ion T e s t s  r e s p e c t f u l l y ,  is two-fold: The 
q u a l i f i c a t i o n  test, where the spacecraft is sub jec t ed  to  
a l e v e l  1 1/2 to 2 t i m e s  the f l i g h t  v i b r a t i o n  level 
(Reference l),  is performed t o  f i n d  any p o t e n t i a l  f a i l u r e  
modes caused by highly  amplified dynanlic loads, or by i n t e r -  
r e a c t i o n  of equipment wi th in  the spacecraft. The purpose 
of t h e  acceptance test, performed gene ra l ly  a t  t h e  m a x i m u m  
f l i g h t  v i b r a t i o n  level ,  is to  disclose failures due to  
defects i n  m3terials and/or workmanship. 

2.1 The S/C F l i g h t  Vibra t ion  Environiient (Reference 2) 

The spacecraft f l i g h t  v i b r a t i o n  environment is Generated by 
3 r a d i c a l l y  dlfferer?t phenomena occurr ing  dur ing  t h e  launch 
and boost phase of t h e  mission proEile:  
aerodynamic and mechanicai. 
v i b r a t i o n  through both rnzchaDicd. and a c o u s t i c a l  paths. 
Acoust ical ly  induced  vibrations are generated by the booster 
rocket efigine noise, 

they are a c o u s t i c a l ,  
The spacecraft r e c e i v e s  

2’he acxodyna?-iic vibrations stem from 
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boundary l a y e r  pressure f l u c t u a t i o n s ,  flow sepa ra t ion ,  and 
o s c i l l a t i n g  shock waves. 
r e s u l t  from rocket engine thrust v a r i a t i o n ,  resonant 
burning of solid propel l r tn t  rocket: 
generated by r o t a t i n g  equipnient. 

i-lcchanically induced v i b r a t i o n s  

and/or dynamic loads 

2.1.1 Acous t icz l ly  Induced Vib ra t ion  

Acous t ica l ly  induced  v i b r a t i o n s  occur mainly i n  t h e  frequency 
spec t rum above 1 0 0  cps ,  These v i b r a t i o n s  are character- 
i s t i c a l l y  broad band random i n  n a t u r e  and extend up to  s e v e r a l  
thousand cyc le s  per second. Generally speaking, the S/C 
v i b r a t i o n  l e v e l  above 100 cps is d i r e c t l y  propor t iona l  t o  
t h e  a c o u s t i c  sound p res su re  l e v e l .  (See Figures  2.2 and 
2.3). 
exhaus t  nozz le  diameter and t h e  jet e x i t  v e l o c i t y ,  

The frequency spectrum peak is a func t ion  of t h e  

T o t a l  a c o u s t i c  power radiated is between .5  and 1 per c e n t  
of t h e  mechanical exhaus t  stream power. ThOr, A t l a s  and 
Titan class boos te r s  qenera te  on t h e  order of 107 w a t t s  
a c o u s t i c  power. Typica l  sound p res su re  l e v e l s  a t  the S/C 
are 140 db, a few seconds after l i f t o f f  these levels  drop by 
15 to 20 db. 
presented  i n  terms of power spectral  d e n s i t y  g2/cps versus  
frequency s i n c e  it is predominantly random. F igure  2.2 
presznts a t y p i c a l  launch and boost a c o u s t i c  sound pres su re  
l e v e l  t i m e  his tory .) 

The a c o u s t i c a l l y  induced v i b r a t i o n  data is 

2.1.2 L i f t  Off 

The v i b r a t i o n  l e v e l s  are severe a t  l i f t  off because of ground 
reflected booster xocket engine noise .  
also i n t e n s i f i e d  because of t h e  effect of the f1ac.z deflectors, 
d e f l e c t i n g  t h e  exhaus t  90 degrees.  
are d i s t r i b u t e d  around the exhaus t  stream, they  are closer 
to the spacecraft and r e s u l t  i n  h igher  v i b r a t i o n s  a t  l i f t -  
off than  when t h e  v e h i c l e  is a i r b o r n e .  

This phenomena is 

Since  t h e  n o i s e  sources  

2.1.3 Aerodynamic Irrduced Vibra t ions  

The S/C v i b r a t i o n  l e v e l s  decrease r a p i d l y  j u s t  a f t e r  l i f t o f f .  
Then, as the v e h i c l e  g a i n s  spezd, aerodynamic n o i s e  becomes 
t h e  predominant source of S/C v i b r a t i o n .  In gene ra l ,  the 
vibration l e v e l  increases with timz as a func t ion  of t h e  
free stream dynamic pressure, q. (Reference 3, 4 and 5) . 
The lower shaded a r e a  of Figure 2.3 shows t h a t  t h e  S/C aero- 
dynamic induced vibrations are maximum when q is  maximum 
and t h e n  goes t o  zero as the veh ic l e  leaves the e a r t h ' s  
atmosphc2-z. 
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The S/C v i b r a t i o n  l e v e l  i n  t h e  transonic-maximum q reg ion  of 
t h e  vehicle t r a j e c t o r y  is highly  dependent on the S/C shape 
or shroud conf.  gura t ion .  I f  the payload is  of a stream- 
l i n e d ,  acrodyiianiicall y "clean" shape, t h e  v i b r a t i o n  l e v e l s  
are generally equal  t o  or less than  those experienced a t  
launch.  However, i f  t h e  payload or  S/C shroud does n o t  have 
a smooth conf igu ra t ion ,  extremely high v i b r a t i o n  l e v e l s  w i l l  
o ccu r  dur ing  t h e  t r a n s o n i c  and nax q periods of f l i g h t .  
T h i s  i s  p a r t i c u l a r l y  t r u e  of t h e  bulbous payload shapes,  
and lose shpaes c o n s i s t i n g  of b lunted  cone angles ,  
(ReLerences 6 a n d  7 ) .  V i b r a t i o n  l e v e l s  on t h e  order of 5 
t i m e s  t h e  launch l e v e l s  have been recorded wi th  t h e s e  
shroud shapes ,  
and maximum q per iods  of f l i g h t ;  however, t h e  usua l  vibra- 
t i o n  versils t i m e  curve shows a high level a t  l if t-off and 
a second peak at max q, 

S o r ~ t i m e s  s e p a r a t e  peaks show up a t  t h e  Mach 1 

2-1.4 Mechanically Induced Periodic Vib ra t ion  

Spacecraft v ibra t ions  genera ted  by mechanical means occur  
mainly at l o w  f requencies .  
thxust p e r t u r b a t i o n s  and/or by dynamic loads genera ted  by 
rotat ing equipment, 
mechanical vibrations ( 25 cps) involve  t h e  v e h i c l e  modal 
response  coupled t o  a feedback i n t e r a c t i o n  between t h e  vehicle 
propuls ion  s y s t e m  and the s t r u c t u r a l  system (Pogo), T h i s  
affect o c c u r s  along t h e  v e h i c l e  l o n g i t u d i n a l  axis  and 
a c c e l e r a t i o n  leve ls  up t o  3 g ' s  have been measured. 

A much more severe type  of mechanical v i b r a t i o n  is causcd 
by burning  i r r e g u l a r i t i e s ,  o f t e n  inducing h igh  frequency 
o s c i l l a t i o n s  due to t h e  a c o u s t i c a l  charzcteristics of t h e  
combustion charher  and t h e  f u e l ' s  burning properties, Several 
d e s  may occur  s imul taneous ly  wi th  f requencies  ranging  f r o m  
several hundred t o  several thousand c y c l e s  per second. The 
X-248 solid rocket (a smal l  3rd stage rocket )  was a primary 
of fender  i n  this ca tegory ,  producing extremely h igh  S/C 
v i b r a t i o n  levels ( 18g ' s )  or combinations of several 
s i n u s o i d s  (References  8 and 9 ) .  Current  upper stage so l id  
r o c k e t s  ( l i k e  X-258) produce a much less severe v i b r a t i o n  
environment because of des ign  improvements (Reference 1 0 ) .  

They are cuased e i t h e r  by periodic 

The most s i g n i f i c a n t  low frequency 

c 
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3 . 0  ENVIROFKENTAL TEST PROCEDURES 

The primary purpose of an environmental test is to duplicate 
within the laboratory the environment to be encountered 
during the mission in order to detect any potential failure 
nodes or adverse environmental effects on the S/C. 

Because of test ecpipment limitations this cannot be accomp- 
lished exactly, Le., S I C  vibration testing is perforrced 
along one axis at a time, whereas in flight it occurs 
simultaneously along all axis. The steady-state longitudinal 
accelerations, pressurwdecay and thermal changes are all 
performed during separate tests, thereby leaving a possible 
environmental inter-action failure mode undiscovered. A 
safety factor is incorporated within the test levels and 
duration (test pattern) in order to account fo r  the possibility 
of environmental interaction ar,S to increase confidence 
in the ability of the S/C to successfully withstand the 
expected environments. 

Random vibration is used to simulate S/C vibration induced 
by aerodynamic and acoustic effects, sinusoidal vibration 
is used to simulate the vibrations generated by engine 
burning resonances, transportation and shipping, Pogo, and 
by rotating equipment located within the launch vehicle. 

The 

1, 

2, 

3. 

4 ,  

5 .  

3.1 

The 
the 

5 primary objectives of S / C  environmental testing are: 

Verification that new or improved designs meet 
performance requirements and have a satisfactory life 
expectancy. 

Verification that samples of previously tested hard- 
ware are suitable in a new application. 

Elimin tion of defects in design, material or workman-. 

Discovery of unexpected interactions between subas- 
semblies when the total system is exposed to environ- 
mental stresses . 

ship \ 

Generation of test data that will serve as a guide in 
evaluating new designs and assessing their reliability. 

Design Qualification (Prototype) Tests 

qualification or prototype uni E, is almost i nva r i ab ly  
first nodzl in .zihich the subassemblies a2pcar together 
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i n  t he  n e a r - f i n a l  S/C conf igu ra t ion .  Tests of t h i s  proto- 
t y p e  system are d i r e c t e d  toward d e t e c t i n g  major des ign  
weakness. Over t e s t ing  i s  r equ i r ed  since it is  extremely 
d i f f i c u l t  t o  achieve a l l  t h e  d e s i r e d  o b j e c t i v e s  wi th  j u s t  
one sample; however, because of weight l i m i t a t i o n s ,  S/C 
d e s i g n s  cannot  be expected t o  have an excessive margin of 
s t r e n g t h .  

I n  t h e  face of t h e s e  problems, pro to type  t e s t  levels are 
u s u a l l y  e s t a b l i s h e d  a t  what might be considered t h e  99 per- 
cent p r o b a b i l i t y  level  - t h a t  is, t h e r e  ihould  be no more 
t h a n  one chance i n  a hundred t h a t  a f l i g h t  u n i t  w i l l  
expe r i ence  a n  environment more severe than t h a t  employed 
d u r i n g  p r o t o t y p e  t e s t ip ,g  

3.2 F l i g h t  Unit  T e s t i n g  

Because o n l y  one pro to type  has  been q u a l i f i e d ,  v i r t u a l l y  no 
in fo rma t ion  i s  avai lable  on t h e  v a r i a t i o n  t o  be expected 
between u n i t s  of t h e  same design.  
i n t ended ,  then ,  to  discover q u a l i t y  c o n t r o l  problems, and/or 
defects i n  material o r  workmanship. One of t h e  m o s t  
d i f f i c u l t  problems associated wi th  acceptance tests i s  
de termining  t h e  d u r a t i o n  of t h e  tests i n  o r d e r  for t h e s e  
t e s t s  to  both  give reasonable  assurance t h a t  t h e  f l i g h t  u n i t  
can s u r v i v e  t h e  launch and boost environment wi thout  
s e r i o u s l y  weakening t h e  u n i t  i t se l f .  
levels are g e n e r a l l y  se t  a t  t h e  95th pe rcen t  p r o b a b i l i t y  
level  and, as w i l l  be shown l a t e r ,  t h i s  is by fa r  t h e  m o s t  
severe envircnment t h a t  t h e  f l i g h t  S/C will encounter ,  

F l i g h t  u n i t  t e s t i n g  i s  

The acceptance t es t  

3. 3 T e s t  Levels 

3.3.1 Acoust ic  and Aerodynamic Vib ra t ion  Levels 

The random v i b r a t i o n  used to  s imula te  the a c o u s t i c  and aero- 
d y n m i c a l l y  induced S/C v i b r a t i o n s  is  gene ra l ly  a composite 
f u n c t i o n  obta ined  by superim?osing t h e  maximum f l i g h t  random 
v i b r a t i o n  spectrum recorded at about maximum q and l i f t - o f f  
(see Figure  3 . 1 ) .  The envelope of t h e s e  two curves is  
assumed to r e p r e s e n t  t h e  95th percentile f l i g h t  vibrat ion 
environment and is  used for t h e  acceptance test levels.  A 
factor oi 1.5 i s  used t o  i n c r e a s e  t h e  acceptance t es t  l e v e l s  
to the q u a l i f i c a t i o n  l e v e l s .  The q u a l i f i c a t i o n  or t h e  99th 
p e r c e n t  l eve l  is a r r i v e d  a t  by assuming a normal gauss ian  
a m p l i t u d e  d i s t r i b u t i o n  i n  which t h e  95th  pe rcen t  p o i n t  i s  
equa l  to 1,65.-and therefore, the 99th  percent l e v e l  is 
equal to 1-3 X 3-65/-' or 2*47.*c,' t : ~ e  99.3 percent po in t .  
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Because of t h e  s c a r c i t y  of a v a i l a b l e  da t a ,  t h i s  procedure 
is approximate and i s  n o t  backed up i n  s t a t i s t i c a l  terms 
w i t h  c a r z f u l l y  computed s tandard  d e v i a t i o n s  and leve ls  of 
co!if idence 
i n c r e a s e d  by FrgSrrjlia d i r e c t i o n  i n  order t o  achieve a 
h i g h e r  confidence l e v e l  i n  t h e  a b i l i t y  of t h e  S/C t o  
s u c c e s s f u l l y  wi ths tand  t h e  imposed v i b r a t i o n  environments. 

Cosseyucnt ly  , t h e s e  tes c levels may be 

3.3.2 Mechanical V ib ra t ions  

Mechanical v i b r a t i o n s  are s imulated by s i n u s o i d a l  frequency 
sweep tests. During t h e s e  tests t h e  a c c e l e r a t i o n  l e v e l  is 
s e t  at a factor of abopt 1.3  t i m e s  t h e  maximum expected 
l e v e l ,  for t h e  95th p e r c e n t i l e  l eve l ,  whi le  t h e  frequency 
is slowly swept from 20 t o  2000 cps. Engine r e sonan t  burn 
s i m u l a t i o n  i s  made by slowly sweeping t h e  frequenzy about  
the r e sonan t  combustion frequency on ly ,  

3.4  T e s t  a u r a t i o n  

While t h e  test l e v e l s  de r ived  i n  t he  previous s e c t i o n ,  w i l l  
differ from program to  program, i n  gene ra l  t h e  t e s t i n g  
philosophy used w i l l  n o t  change t h e  t es t  levels by more 
than 50%; however, t h i s  is  n o t  t r u e  of t h e  t e s t  du ra t ion .  
Some of t h e  older S/C p r o g r a m ,  inf luenced  by a i rc rac t  
v i b r a t i o n  tes t  p l ans ,  s p e c i f i e d  tests l a s t i n g  up t o  one hour 
per axis; whereas, some of tne m o s t  r e c e n t  S/C test plans 
s p e c i f y  tes t  d u r a t i o n s  equal  t o  t h e  powered i l i g h t  t i m e  for 
the  acceptance tests and  twice t h i s  for t h e  q u a l i f i c a t i o n  
test  plan.  

I 
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4 . 0  SURVEY PEOCEDURE 

The o b j e c t i v e  of t h i s  survey was t o  de termine  i f  s t a t i s t i c a l  
and/or r e l i a b i l i t y  t h e o r i e s  could be used t o  p r e d i c t  
s p a c e c r a f t  f a i l u r e s  induccd by a v i b r a t i o n  environment. I n  
order t o  accomplish this t a s k ,  t h e  S/C f a i l u r e s  experienced 
d u r i n g  f l i g h t ,  acceptance and q u a l i f i c a t i o n  tests were 
t a b u l a t e d  f o r  a reasonably l a r g e  d a t a  sample - 2 8  d i f f e r e n t  
SIC programs comprising 8 3  f l i g h t  spacec ra f t .  This  s tudy  
was o r i e n t e d  toward t h e  complete S/C or  system l e v e l ,  
r a t h e r  thali t h e  component l e v e l ,  because documented records  
are more r e a d i l y  a v a i l a b l e  f o r  complete S/C. 

The f a i l u r e  d a t a  was ccllected from Environmental T e s t  
Reports, Spacecraf t  F i n a l  Development Reports,  and from 
conversa t ions  w i t h  t h e  T e s t  and Evaluat ion Group a t  Goddard 
Space F l i g h t  C e n t e r  (References 17 t o  26). 
The data sample used f o r  t h i s  s tudy is l i s t e d  j-n Table 1. 

Alouet te  
Syncom 

os0 
A r i e l  I 

Ariel 11 

Mariner Mars 
M a r i n e r  Venus 
Relay 

- - - -  - 

Beacon 
Tels tar  
Lunar Orbi tor  
Gemini 
Mercury 
Tiros 

OAO 

N i i n b b s  

Explorer  X V I I  

Ranger Explorer X V I I I  

Pioneer  V I 1  Explorer  XXV 

Pioneer  VI Exploxei XXVI I I 

Surveyor Explorer X X I  

Explorer  X 
Explorer  X I 1  

Explorer  X I V  

TABLE I - SPACECILT1FT PROGRAMS SURVEYED FOR S/C VIBRATION 
F A I L U H  DATA 

This  sample encompasses S/C t y p i c a l  of t h e  manned and unmanned 
designs d a t i n g  between 1 9 6 1  and 1967. The v i b r a t i o n  environ- 
men t s  associated wi th  t h e  acceptance,  q u a l i f i c a t i o n  and 
f l i g h t  condi t ions  were a l s o  collected, where documented, i n  
order t o  eva lua te  t h e  effect  of environmental s e v e r i t y  versus  
f a i l u r e s .  

The v i b r a t i o n  l e v e l s  used wi th in  t h i s  s tudy were those 
specified f o r  t h e  base of t h e  s p a c e c r a f t  o r  a t  t h e  a t tachment  
p o i n t  between the s p a c e c r a f t  and launch v e h i c l e c  T h i s  was 
done p r imar i ly  t o  avoid t h e  immense amount of work t h a t  
would be requi red  t o  trace down and account for the t r a n s -  
missibilj. ty throughout each spacecraft. Furthermore, the 
small amount of f l i g h t  data avai1;tble is gcncrally record& 
only  a t  t h e  s p a c e c r a f t  attachment po in t .  
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The S/C piece p a r t  z o u n t  and weight was r e q u i r e d  i n  order 
t o  normalize t h e  S/C f a i l u r e  da ta  so t h a t  a l a r g e  complex 
S/C with many cmponen t s ,  having a l a r g e  number of f a i l u r e s  
o c c u r r i n g  du r ing  t h e  eavironmcntal  t e s t  program o r  f l i g h t ,  
cou ld  be r a t i o n a l l y  compared t o  a s l m l l e r  S/C w i t h  i t s  
f a i l u r e  h i s t u r y '  occu r ing  during development or f l i g h t .  

A s e r i o u s  problem was acqu i r ing  "p iece-par t"  coun t  da ta .  
T h i s  was found f o r  23 d i f f e r e n t  S i c .  The remaining S/C i n  
the data sample, had t h e i r  part: count  estimated from 
F i g u r e  4.3.  (weight ve r sus  part count)  us ing  t h e  same type  
of launch veh ic l e .  S i n c i  t h i s  problem coull! be encountered 
w h i l e  apply ing  t h e  f a i l u x  r a t e  data t o  o t h e r  S/C, t h e  
r e s u l t s  of t h i s  survey have been p l o t t e d  both agains t  piece 
part  couni  and S/C weight. 

Y. '  

4.1 As s ump t i o n  s 

The fo l lowing  assumptions were made for t h e  r e l i a b i l i t y  and 
s ta t i s t ica l  a n a l y s i s  Presented  i n  Sec t ions  5 through 8 .  
These assumptions were made p r i m a r i l y  t o  s i m p l i f y  the s-cudy 
and t o  avoid t h e  n e c e s s i t y  of t r e a t i n g  each separate S/C 
as a t o t a l l y  d i f f e r e n t  e n t i t y .  Eventual ly ,  when a s i g n i f i -  
cantly greater number of S/C have been designed, it should 
be possible t o  subdiv ide ,  a t  l eas t ,  tho d i f f e r e n t  t ypes  i n t o  
a more similar ca tegory ,  such as ,  Manned ve r sus  Unmanned 
S/c, and S/C weight ing less than 400g.  

4.1.1 S/C A r e  S i m i l a r  

This assumption w a s  made because s p a c e c r a f t  i n  gene ra l  have 
the same objectives, t h a t  is, to s u r v i v e  t h e  launch and 
boost environment, collect data and t r a n s m i t  it back t o  
earth. I n  order t o  achieve  t h e s e  func t ions  each s a t e l l i t e  
w i l l  con ta in  the fo l lowing  major s y s  t e m s  : power, guidance 
and c o n t r o l ,  e lectr ical ,  logic,  data a c q u i s i t i o n ,  and 
t e l eme t ry  . 
4.1.2 S/C F a i l u r e s  

All f a i l u r e s  occur r ing  du r ing  a v i b r a t i o n  t es t  are assumed 
to be caused by t h e  v i b r a t i o n  environment. That is, no 
debugging, o r  " i n f a n t  m o r t a l i t y " ,  f a i l u r e s  are assumed t o  
occur .  Consider ing t h e  r e l a t i v e l y  s h o r t  d u r a t i o n  o f  most 
vibratioli t es t s ,  Le., 1-15 minutes,  and t h e  q u a l i t y  of t h e  
components, i t  is  unreasona53.e t o  credit  any f a i l u r e s  as due 
t o  substandard components. 



4.1.3 Constant Part Count- 

To facilitate reliability calculations the assumption of A 
constant part population was made, Le., when a failuie 
occurs it was assuined that the piece was repaired 2nd 
replaced and then the test continued - considering the high 
piece p a r t  count of most S/C and the small failure rate, 
t h i s  assumption does not take too much liberty with actual 
t e s t  procedures. 

4.1.4 S/C Complexity 

While the piece part count was found for  the majxity of S I C ,  
the part distribution’was not. Therefore, in normalizing 
to the piece part count the assumption is made, that in 
genera; larger more complex S/c are not made more complex 
due to paralleling systems, for  increasing reliability by 
redundancy, but that the larger S/C hcve more complex 
missions requirirlg more systems and hence, more components 
than smaller S/C. 

All test failures are treated as random failures occurring 
throughout the test at a rate. propoxtional to the severity 
of t h e  test environment and the duration of the test, L e . ,  

F = K  A t  

where: X = System F?iluxe Rate within a non-vibration 
envi ro- titien t 

K = Vibration Environmental Stress Factor 

t = test duration 

F = pxpected number of failures 

4.2 Spacecraft Code 

A rather large amount of the failure data used within this 
report was acquired with the understanding that it be treated 
as proprietary information and not be disclosed. 
the S/C failure data is coded so that individual programs 
cannot Ec identified. 

Therefore, 
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5 .0  Deriva t ion  of Equiva lec t  Vibrat ic i  Environment 
Fac to r  

A r e v i e w  of S/C. v i b r a t i o n  envi ronncnta l  s p e c i f i c a t i o n s  w i l l  
immediately show a considexa5le v a r i a t i o n  i n  tes t  l e v e l s  
and dura t ions .  Therefor? ,  it w a s  desirable t o  d e v i s e  a 
method which would equate the d i f f e r e n t  test p a t t e r n s  to 
de termine  which tests were p o t e n t i a l l y  more dmaging ,  t o  
plot  f a i l u r e  ra te  data against  environmental s e v e r i t y  i n  
order to d e f i n e  t h e  K stress f a c t o r ,  and t o  t r a n s f e r  t h e  
f a i l u r e  rate d a t a  t o  d i f f e r e n t  test  p a t t e r n s  for f u t u r e  
use and a n a l y s i s .  

5.1 k r i v a t i o r .  of Spacecraft (System) Vib ra t ion  
p.. 

Environmental Stress Level Factor (Reference 27) 

In the simplest  case, when a system is s u b j e c t  on ly  to 
f a i l u r e s  which occur  a t  random i n t e r v a l s ,  and t h e  expected 
number cf f a i l u r e s  is t h e  same for equa l ly  long  o p e r a t i n g  
periods, i ts  r e l i a b i l i t y  is mathematically de f ined  by t h e  
well-known exponent ia l  f x m u l a  

In t h i s  formula e is t h e  base of t h e  n a t u r a l  logar i thm 
(2,71828 ... .) # is a c o n s i s t a n t  called the chance f a i l u r e  
rate, t is the opera t ing  t i m e ,  and R t h e  r e l i a b i l i t y  of 
the system; t h e  r e l i a b i l i t y  is  then  the p r o b a b i l i t y  that  
the system, which has  a cons t an t  f a i l u r e  ra teh  8 w i l l  not 
f a i l  i n  t h e  given ope ra t ing  t i m e  t. 

T h i s  r e l i a b i l i t y  Formul-a i s  correct for a l l  proper ly  debug- 
ged system which are not s u b j e c t  to " i n f a n t  mor t a l i t y"  
failuzes. The reg ion  i n  which the above formula is v a l i d  
is convent iona l ly  referred t o  as t h e  "usefu l  life'' of t h e  
s ys t e m  . 
Figure  5.1 delineates the reg ion  i n  which the simple 
exponent ia l  r e l a t i o n s h i p  is valid. The "burn-in" r eg ion  
is g e n e r a l l y  associated w i t h  new components, whose ear ly  
f a i l u r e s  can be classified as product ion d e f e c t s .  Genera l ly  
S,'C des ign  pol icy  is to  use burn t - in  components; fur thermore ,  
the remaining e a r l y  f a i l u r e s  are screened dur ing  t h e  
f u n c t i o n a l  and performance tests performed be fo re  t h e  
v i b r a t i o n  t es t  sequence. 

For t h e  exponent ia l  case, t h e  in t .e rse  of %he f a i l u r e  ra te  
1/X is def ined  as t h e  mean t i m e  between f a i l u r e s  (EITBF), 
and is used as a method of cornpazing survival or reliabil5ty 
rates of d i f f e r e n t  sys tems.  
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The o b j e c t i v e  now i s  t o  apply this t h e o r y  t o  ga in  some 
i n s i g h t  as t o  how a S/C is t h e o r e t i c a l l y  damaged, i n  a 
v i b r a t i o n  environment. Therefore ,  i n  Grdcr t o  de termine  
the v i b r a t i o n  environment, or t e s t  d a t t e r n ,  which w i l l  genex- 
ate equal  r e l i a b i l i t y  or  s u r v i v a l  p r a b a b i l i t i e s  t h e  fc l lowing  
c o n s t a n t s  m u s t  be known: 

-Kat R ( t )  = e 

where K = Vibra t ion  stress factor 

x = S/c f a i l u r e  ra te  i n  an ambient environment 

t = t e s t  d u r a t i o n  
v '. 

5.1.1 Spacecraft MTBF 

Only i n  space  have complete S/C been o p e r a t i o n a l  for lcng 
enough periods of t i m e ,  and i n  s u f f i c i e n t  quan t i ty ,  to  
provide s t a t i s t i c a l l y  va l id  data on MTBF's. 
environment has been fourd  t o  be benign as far as e e c t r o n i c  
and s t r u c t u r a l  components are concerned (Reference 2 8 ) .  
Planning Research Corporat ion (Reference 29) has performed 
a s tudy  of R e l i a b i l i t y  D a t a  f r o m  I n f l i g h t  Spacecraft, i n  . 

which t h e  s u r v i v a l  ra te  of 72 long term spacecraft are 
reported. This data was plot ted on Figure  5.2. The MTBF 
was c a l c u l a t e d  and found t o  be 8176 hours.  

The sTe 

5.1.2 E s t i m a t e  of K Stress Factor 

A sea rch  through r e l i a b i l i t y  f a i l u r e  rate data handbooks and 
l i t e r a t u r e  disclosed only  t w o  sources  of data applicable 
to t h i s  s tudy.  MIL-STD-7S6 lists an  overall stress factor 
of 80 for t h e  launch and boost environment, whi le  t h e  
FAFtADA Handbook l i s t ed  (Reference 27) the stress factor of 

ms basic components versus g l e v e l .  

The FARrlDA f a i l u r e  rate data handbook lists piece-part 
stress factors as a f c n c t i o n  of g 
on  Figure  5.3 and conse rva t ive ly  represented  by a s t r a i g h %  
l i n e .  

This  data was plotted Rr4s 

A s tudy  of the  launch environment shows t h a t  an  average 
l e v e l  of 4.59 
data was comb ned w i t h  the FARADA data to  genera te  a K 
factor v s ,  
of 80 @ 4.5 g s was used. A t  t h e  h igher  g l e v e l s ,  t h e  
factor of 80 was m u l t i p l i e d  by t h e  FARADA factors. 

can  be expected for a spacec ra f t .  T h i s  

In other words, a genera l  system level 
PS 

%Qrs 
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5.1.3 Equiva! e n t  T e s t  P a t t e r n  

Using  t h e  i n  o rb i t  S/C MTBF and t h e  K v i b r a t i o n  stress 
factors, derived i n  Section 5.1.2,  a f ami ly  of c u r v e s  with 
equal e s t i m a t e d  'damage was d e r i v e d  as a func t io r ,  of b o t h  
a c c e l e r a t i o n  l e v e l  and test  t i ne  as shown i n  Figure 5 .4 .  

L e .  @ 

@ 

@ 

= 10 %Ms 

= 80 X - 
R - 'MIL-217 K~~~~ 

Ambient Znv. MTBF = 8176 hour s  

1 0  g ' s  *-.MTBF = - 8176 (hours )  
4 4 0  

3.5 = 4 4 0  

= 1115 minutes  

Using t h e  e x p o n e n t i a l  r e l a t i o n s h i p  

e - X t  - @ 10% damage: R ( t )  =- -  - e 9 0  

MTBF 
or A t  = ,106 = t 

0 t = ,106 
1115 min & t = 118.2 minutes  0 . -  

Simi la r ly  
= 20 

@ gRMs 
R = 80 X 225 = 1800 

MTBF = 8176 = 4 . 5 4  hrs. = 272 mins.  @ 20 g'sms - 
1800 

@ 10% damage 

again A t  = ,106 
t = ,106 or - 

272 

t =  28.9 min. 

A series of l i n e s  of e q u a l  r e l i a b i l i t y  or  damage, g e n e r a t e d  
u s i n g  t h e  above me9tioned t echn ique ,  were p l o t t e d  i n  
F i g u r e  5 .4 .  These l i n e s  have t h e  g e n e r a l  r e l a t i o n s h i p  of 
g 2 t  eqhals a c o n s t a n t  for t h e  same amount of damage. T h i s  
me-ans  t h a t  i f  t h e  tes t  l e v e l  i s  h a l f e d  t h e  t e s t  t i m e  s h o u l a  
be f o u r  t i m e s  greater t o  cause  an q u a l  amount of f a i l u r e s  
t o  o c c u r .  This r e l a t i o n s h i p  is  f a i r l y  i n s e n s i t i v e  t o  t h e  slope 
of the l i p e  used t o  envelope t h e  FAMDA data. For example, 
t h e  ertveJDpinp line w z s  changcd ffir two cases s b o m  in 
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N F igu re  5.3 as two dashed l i n e s  wi th  t h e  r e s u l t a n t  g t 
r e l a t i o n s h i p  c a l c u l a t e d  for each case. Fur themore ,  a 
conversa t ion  wi th  t h e  o r i g i n a l  source  of t h e  FARADA data, 
disclosed t h a t  tile r epor t ed  f a i l u r e  ra tes  were es t imated  
to be a c c u r a t e  to only  +258 and t h e r e f o r e  t h e  g 2 t  rela- 
t i o n s h i p  der ived  is as c c u x a t e  or exact as t h e  source 
data. 

8-n i n t e r e s t i n g  r e l a t i o n s h i p  may be found by performing 
a dimensional  a n a l y s i s  on t h e  t e r m  g2 t .  If it is assumed 
t h a t  t h e  i n p u t  force can be-expressed  as F=ma, i n s t e a d  of 
t h e  more usua l  v i b r a t i o n  r e l a t i o n s h i p  F-F, sin w t ,  and 
assuming no sinusoidaX motion then t h e  number of f a i l u r e s  
NF is proportional t o  t h e  appl ied  power per u n i t  m a s s .  

i.e. where NF = Number of F a i l u r e  2 if Np = g t 

and F = ma 
F g t  &-  F - X 
ii " m t  then: Np = 

s i n c e  work = FOX 

and p o w e r  = work/time 

The r e s u l t s  of the r e l i a b i l i t y  s tudy ,  presented  i n  this 
s e c t i o n ,  have predicted t h a t  an e q u i v a l e n t  amount of 
damage or fa i lures  w i l l  occur when a S/C is sub jec t ed  t o  
a v i b r a t i o n  envi ronaent  with t h e  same g2t va lue .  
s e c t i o n  uses t h e  g 2 t  va lues  coupled with a c t u a l  S/C f a i l u r e  
data to e m p i r i c a l l y  determine t h e  f a i l u r e  rate c o e f f i c i e n t s .  

The n e x t  

5.1.4 Sinusoida l  vs. Random Vibra t ion  

An exper imenta l  s tudy  (Reference 30) comparing f a t i g u e  l i f e  
of a simple aluminum l i n k  under a random e x c i t a t i o n  and 
s i n u s o i d a l  loading r e s p e c t i v e l y  has  shown t h a t  t h e  f a t i g u e  
life of t h e  randomly loaded specimens was one o r d e r  of 
magnitude less than t h a t  of t h e  s i n u s o i d a l l y  loaded spec inens  
(See F i g w e  5 . 5 ) .  The fac t  t h a t  random e x c i t a t i o n  is more 
damaging to  electronic components, than a s i n u s o i d a l  one, 
is also corxoborated i n  t h e  FARADA Handbook (Reference 2 7 ) .  

During s p a c e c r a f t  v i b r a t i o n  t e s t t n g  t h e  s i n u s o i d a l  sweeps 
axe generally l e s s  severe than the  random excj ta'iion 
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p o r t i o n  of t h e  t es t  program; howeve-r because t h e  frequency 
is swept from 20 t o  2000 cps t h e r e  will be br ie f  i n t e r v a l s  
where a resonant  response w i l l  be exc i t ed .  
account  for t h e  s inusoid& resonant e f f e c t s  ai?d t h e  o v e r z l l  
f a t i g u e  s e n s i t i v i t y  t o  t h e  random e x c i t a t i o n  t h e  fo l lowing  
r e l a t i o n s h i p  was used when comparing t es t  p a t t e r n s  : 

To q u a n t i t a t i v e l y  

A - For random e x c i t a t i o n  the  g2t values  were made 
us ing  t h e  gmls l e v e l .  

B - For t h e  s i n u s o i d a l  portion of each t e s t  the peak 
a c c e l e r a t i o n  level was used i n  c a l c u l a t i n g  t h e  
g2t function:'  

C - For both cases t is i n  minutes. 
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FAILURE RATE 1. (t) 
OR 
a t )  

USEFUL LIFE OR 
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I I Y." 

1- t(t)= 1- 0 

1 .O 

RELIABILITY R(t) 

0 

. 8 

. 

8 

0 I I 

FIGURE 5.1 - TYPICAL SHAPES OF THE FAILURE-RATE, AND 
SURVIVAL FUNCTIONS FOR THE DFR (DECREASING 
FAILURE-RATE) , C0?4STANT FAILURE-RATE, AND 
IFR fJNCRWlSlNG FAILUPL- .!?ATE) PERJOBS, 
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6.0 The Spacecraf t  Vibratioii  Fwironment 

The following t h r e e  s e c t i o n s  summarize t he  g 2 t  s e v e r i t y  
factor f o r  tile spacec ra f t  f l i g h t ,  acceptance and q u a l i f i c a t i o n  
v i b r a t i o n  environment. 
f l i g h t  performance r e p o r t s  and from t e s t  s p e c i f i c a t i o n s .  
Reference (31-32). 

These g2t values were obta ined  from 

6.1 The F l i g h t  Environment 

The s e v e r i t y  factor of t h e  spacec ra f t  launch and boos t  
environment was c lacu ra t ed  by conver t ing  f3.ight v i b r a t i o n  
d a t a  (gms vs. t i m e )  t o  g2m 

Reference 35-48. The f l i g h t  environment s e v e r i t y  factor 
was found by t h i s  technique t o  vary  from a minimum of  about  
6 t o  a maximum of 60 except  i n  t h e  case where an X-248 
s o l i d  p rope l l an t  t h i r d  s t a g e  rocke t  motor developed a 
"resonant  burn" condi t ion  equiva len t  t o  an a d d i t i o n a l  g2t 
value of about 165. See Reference 8. 

versus  t i m e  curves  and 
i n t e g r a t i n g  t h e  a rea  under t i? e curves  (See Figure 6.1). 

An i n t e r e s t i n g  v a r i a t i o n  of v i b r a t i o n  a c c e l e r a t i o n  levels, 
on t h e  same launch vehic le , i s  caused by d i f f e r e n t  shroud 
or nose cone conf igu ra t ions  and by t h e  launch pad cool ing  
techniques.  (See Figure  6 . 2 ) .  That is ,  i f  a " w e t  pad" 
is used t h e  cool ing  water w i l l  absorb some of  t h e  acoustic 
energy, r e s u l t i n g  i n  about a 20% reduct ion  i n  t h e  l i f t o f f  
v i b r a t i o n  l e v e l s  by comparison t o  t h e  case where a hard ,  
a c o u s t i c a l l y  r e f l e c t i v e  s u r f a c e  (concrete) is used. 

As mentioned previous ly  i n  Sec t ion  2, t h e  shroud configu-  
r a t i o n  can affect  t h e  aerodynamically generated S/C 
v i b r a t i o n  even more s i g n i f i c a n t l y .  
shroud nay have a g 2 t  factor 1 /7  as high and a peak 
a c c e l e r a t i o n  leve l  2/3 less than other more i r r e g u l a r l y  
shaped shrouds s u c h  as t h e  "Hammer Head" and "Boat T a i l " .  

The cone-cylinder nose 

6.2 Acceptance Vibra t ion  Environment 

The v i b r a t i o n  acceptance tests are performed because even 
. though a proto type  mod21 has  been q u a l i f i e d ,  v i r t u a l l y  no  

information is  avcli lable on t h e  v a r i a t i o n s  t h a t  can be 
expected between u n i t s  of t h e  same design.  
for a t i m e  i s  gene ra l ly  equal  t o  the  launch and boos t  
dura t ion  per  each of t h e  three main or thogonal  a x i s .  

The t e s t  l e v e l  



As would be expected t h e  acceptance t e s t  l e v e l  s e v e r i t y  
factor is s i g n i f i c a n t l y  h igher  t h a n  t h e  f l i g h t  g 2 t  l e v e l s .  
Th i s  is because t h e  9 5 t h  p e r c e n t i l e  l e v e l s  on1.y occur  f o r  
a r e l a t i v e l y  short per iod  dur ipg  powered f l i g h t .  The S/C 
acceptance tes t  s e v e r i t y  f a c t o r s  were found from environ- 
m e n t a l  t es t  s p e c i f i c a t i o n s  to  vary,from a low of 270 t o  a 
maximum of 1916.  The h igher  va lues  corresponded t o  launch 
v e h i c l e s  us ing  t h e  X-248 rocke t  motor. Table 11, comparing 
the f l i g h t  and acceptance t e s t  leve ls ,  Shows t:rle 
r e l a t i o n s h i p  between t h e  s e v e r i t y  f a c t o r s ;  

Fli  qht (9' t )  Acceptance Test  ( g L  t) 

500 - 1916 

9 

6- 60 270 - 500 
17:-225 (X-248 Motor) 

I 
TABLE I1 - S/C g 2 t  FLIGHT 6 ACCEPTANCE TEST LEVELS 

A t  e i t h e r  extreme then ,  t h e  acceptance t es t  can be a c t u a l l y  
2 t o  53 t i m e s  more hazardous t o  t h e  S I C  than t h e  launch 
environment: t h e  average f a c t o r  being 11 t i m e s  more seve re  
for S/i n o t  u s ing  t h e  X-248 motor and 6 t i m e s  more severe 
f m  t h o s e  S/C us ing  t h e  X-248 r o c k e t  motor. 

6.3 The Q u a l i f i c a t i o n  Environment 

The spacecraft v i b r a t i o n  q u a l i f i c a t i o n  test  is p e r f o r r e d  
at the 99th pezcent p r o b a b i l i t y  leve l  (kl.5 times g r e a t e r  
t h a n  t h e  acceptance t e s t  l e v e l s )  €or about twice t h e  
d u r a t i o n .  
factors are about  4 .5  t i m e s  h ighe r  than  t h e  acceptance 
g2t  factors. 

Consequently t h e  g2 t  qua l i f i ca t j -on  t es t  s e v e r i t y  

Table I11 compares t h e  q u a l i f i c a t i o n s ,  ~ c c e p t a n c e  and 
f l i g h t  g 2 t  s e v e r i t y  factors. 
t t 

Quzi i f i c a t i o n  Test  1 ~~~~~ (92t) 

Acceptance Test  (s2T) - 
270 - 500 1200 - 2200 

171 - 225 500 - 1916 4000 - 5300 

TABLE 113 - S/C FLZGQT, ACCEPTANCE & Q W I F I C A T L O N  q2 t  
LEVELS 

6-2 



I 

c, 
cn N 

6-3 
tn 

0 
Ln 



I 



7.0 S/C F & i l u r e  Data 

I ! 20 5 15. i 
I 

59 

7.1 Laboratory F a i l u r e  Data 

3pacecraf t X Electronic X Structural 
I I 

The S/C f a i l u r e  data used w i t h i n  t h i s  s tudy  w a s  acqui red  
from Environmental T e s t  Reports,  Prcjxam Development F i n a l  
R e p o r t s ,  and from conversations wi th  t h e  T e s t  and  
Evalua t ion  Group a t  Goddard Space F l i g h t  C e n t e r .  

Documented component or subsystem fa i lu re  ra te  d a t a  i s  
extremely scarce. The best d a t a  a v a i l a b l e  on t h a t  s u b j e c t  
is fu rn i shed  i n  References 40, 20,  4 1  and 42. Spacecraft 
f a i l u r e  data, w h i l e  l i m i t e d  i s  g e n e r a l l y  a v a i l a b l e  a s  
shown i n  Refe rences  1;'12, 13, 16,  20, 24, 25, 26, 40, 4 1  
and 42. 

The best estimates of how serious t h e s e  problems or f a i l u r e s  
would be is t h a t  between 25 and 50% are "of a c a s t r o p h i c  
nature" (Reference 1 0  and 1 5 ) .  A ccrnpilatign of l a b o r a t o r y  
f a i l u r e s  occur r ing  wi th  7 q u a l i f i c a t i o n  and 20 f1 , igh t  S/C 
has shown t h e  fo l lowing  paxt  d i s t r i b u t i o n .  

. . . .. . .~ . . .  

xplorer X I 1  
X I V  
xv 

luette I 
ert 

1 jariner (Venus) 

' 65.6 
I1 II 

I t  I 1  
1 

74 
56 
59 

27 
m 
U 

19 
21 
17 

N/A n 
tl 

U 

U 

13 

TABLE V - S/C WIGiiT DISTRIBUTION 

The f a i l u r e s  l i s t e d  i n  Table  I V ,  whenever p o s s i b l e ,  r e p r e s e n t  
s i g n i f i c a n t  problems r e q u i r i n g  e i t h e r  a design or f a b r i c a t i o n  
"fix". =-: half  a dozm screws 1 m s m i n g  r7odd at xilost bz 
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counted as 1 /2  f a i l u r e ,  gene ra l ly  most of t h e  S/C f a i l u r e s  
consist of s e r i o u s  problem s u c h  as s t r u c t u r a l  and component 
f a i l u r e s .  

. .%Electronic % Structural X Attitude Control- % t 4 i  sc. 
r 

82.5 ** 2.3 12.4 3 
4 

7.2 F l i g h t  F a i l u r e  Data 

F l i g h t  f a i l u r e  data  is n o t  on ly  extremely l imited b u t  
because of t h e  i n a c c e s s a b i l i t y  f a c t o r  some fa i lu re s  may go 
unnoticed. 
f a i l u r e  data is contained r e fe rence  29. 

The most complete and best source  of  f l i g h t  

*51% of t h e s e  f a i l u r e s  occurred  du r ing  t h e  lailnch phase 
of t h e  mis s ion .  

**The h igher  than  expected electrical-electronic f a i l u r e s  
is probably caused by t h e  fact  t h a t  on ly  e l e c t r o n i c  
communication i s  available wi th  t h e  S/C and c o n s e q u e n t i d l y  
a n  r lec t r ica l  malfunct ion i s  more l i k e l y  to  be sensed than  
any o the r .  

The f l i g h t  f a i l u r e  data was obta ined  f r o m  Planning Research 
Corporation, Reference 29, and from conserva t ions  w i t h  t h e  
T E s t  and Evaluat ion group a t  GSFC. 
failure w a s  reviewed and sorted i n t o  t w o  groups. The first 
here those f a i l u r e s  whi.ch were very  probably caused by 
v i b r a t i o n ,  while  t h e  secorid group r e p r e s e n t s  those  f a i l u r e s  
which were poss ib ly  
environment. 

Each r epor t ed  f l i g h t  

induced by the  f l i g h t  v i b r a t i o n  

7.3 Normalization of F a i l u r e  D a t a  

The S/C f a i l u r e  data was normalized to t h e  S/C weight,  
Reference 4 3 ,  and, whenever known, t h e  p iece-par t  count .  T h i s  
ttas done because a S/C w i t h  a high component count woiild 
be expected to have a larger n m b x  of failures than it 

s m a l l e r  t,'-/C w i t h  less compcacrlts 
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I n  order t o  estimate t h e  piece-part count of S/C when t h e  
talley was n o t  avai lable ,  a plot of knovn component pieces 
vs. weight was made up and used (SY Figure  4.1) The 
piece-part count ,  used for t h i s  study, did no t  include t h e  
number of solar cells, and soldered connect ions or screws, 
bolts, washers contained wi th in  t h e  S I C .  
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8 ; O  S/C F a i l u r e s  vs. Weight and Components 

Table V I 1  i s  a t a b u l a t i o n  of t h e  survey d a t a  sample. In -  
c luded  is t h e  weight ,  p iece-par t  cc*Tnt, t h e  f a i l u r e s  per  
S/C which occurred  wi th i r .  t h e  q u a l i f i c a t i o n ,  acceptance 
and f l i g h t  environments,  end t h e  environmental s e v e r i t y  
f a c t o r s  ( g 2 t ) .  As i n d i c a t e d ,  t h i s  information was n o t  
a v a i l a b l e  for t h e  complete da t a  sample. Es t imates  of t h e  
environmental  t es t  l e v e l s  were made us ing  t h e  a p p l i c a b l e  
Environmental T e s t  Level  Spec i f i ca t ions .  The f l i g h t  l e v e l s  
were estimated, when data  was n o t  a v a i l a b l e ,  from known S/C 
us ing  s i m i l a r  launch v e h i c l e s  and shroud conf igu ra t ions .  

8.1 S/C Fai lureswvs  . g2 t  

F igu res  8.1 and 8.2 are plots of S/C f a i l u r e s  versus  g 2 t ,  
normalized t o  t h e  s p a c e c r a f t  weight and t h e  p iece-par t  count.  
As would be expected from Figure 4 .1 ,  a greater spread of 
the f a i l u r e  data w a s  found, when t h e  d a t a  is normalized t o  
weight  r a t h e r  t han  t h e  p iece-par t  count.  

The s p a c e c r a f t  f a i l u r e  data of F igures  8.1 and 8 .2  i s  plotted 
w i t h  either an open or  c losed  circle. The open circled 
symbols r e p r e s e n t  S/C i n  which each subsystem was q u a l i f i e d  
and tested pr ior  t o  system l e v e l  t e s t i n g ,  t h e  c losed  p o i n t  
syniols r e p r e s e n t  S/C f a i l u r e  p o i n t s  for those  S/C where 
no p rev ious  v i b r a t i o n  t e s t i n g  w a s  performed p r i o r  t o  S/C 
system t e s t i n g .  
data p o i n t s  l i e  t o  t h e  left of t h e  ar i thmetic  mean of 
F i g c r e s  8.1 and 8 . 2 . '  The f l i g h t  f a i l u r e  da t a  w a s  p l o t t e d  
an a n  open box w i t h  t h e  h o r i z o n t a l  sides r ep resen t ing  t h e  
g 2 t  extremes and t h e  v e r t i c a l  extremes rep resen t ing  t h e  l i m i t s  
of t h e  possible and probable  f l i g h t  v i b r a t i o n  induced f a i l u r e s .  

.. 

This  e x p l a i n s  why t h e  major i ty  of open c i r c l e d  

The S/C f a i l u r e  rate d a t a  has  also been p l o t t e d  i n  F igures  
8.3 and 8 . 4  as f a i l u r e s  versus  a c c e l e r a t i o n  and t i m e  as  a 
f u n c t i o n  of S/C weight and p iece-par t  comt .  

A comparison was made between seventy-eight  s p a c e c r a f t  t o  
see i f  the f l i g h t  f a i l u r e  rate of p r e t e s t e d  s p a c e c r a f t  
d i f fered from those  S I C  which were n o t  tested p r i o r  t o  system 
leve l  tests. As would be expected no measurable d i f f e r e n c e  
was noted  s i n c e  it should n o t  make any d i f f e r e n c e  t o  t h e  
spacecraft i f  a "weak l i n k "  or p o t e n t i a l  f a i l u r e  mode i s  
c o r r e c t e d  dur ing  a subsystem or system tes t .  These calcu- 
l a t i o n s  are l i s t e d  i n  Appendix A. 

8.2 S/C F l i g h t  F a i l u r e  Rate vs. Q u a l i f i c a t i o n  T e s t  Levels  

?L comparison was ma& between 73. S / C  to see .if any difference 
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in the f l i g h t  f a i l u r e  ra te  could be d iscerned  a s  a f u c c t i o n  
o f  t h e  q u a l i f i c a t i o n  t e s t  l e v e l s .  The f l i g h t  f a i l u r e  rate 
for t h o s e  S/C us ing  t h e  X-21 rocket motor were normalized 
to t h e  o t h e r  S/C by d i v i d i n g  ; h e i r  a c t u a l  f l i g h t  f a i l u r e  
r a t e  b:? t h e  g 2 t  r a t i o  of t h e i r  f l i g h t  environments which 
is e q u a l  to 6.  

The r e s u l t s  of t h e s e  c a l c u l a t i o n s ,  as shown i n  Appendix B,  
w e r e  p l o t t e d  i n  F igures  8 . 5  and 8.6.  The p iece-par t  f a i l u r e  
ra tes  show a s t r o n g  r e l a t i o n  between tes t  16-vels and f l i g h t  
f a i l u r e  rates where as the correlation between weight  based 
f a i lu re  rates i s  at best descr ibed  as fo l lowing  t h e  same 
p a t t e r n .  T h i s  can bevexpla ined  as due t o  t h e  fact  t h a t  t h e  
weight  ve r sus  piece-part count  i s  a discont inuous  func t ion  
as i n d i c a t e d  i n  F igure  4 .1  and t h a t  t h e  inc reased  f a i l u r e  
rate, wi th  decreas ing  tes t  l e v e l s ,  cannot  be a c c u r a t e l y  
r e s o l v e d  wi th  t h e  e x i s t i n g  spread of t h e  f a i l u r e  ra te  d a t a  
versus weight.  

.- . 
8.3 Subsystem F a i l u r e  Data 

Subystem f a i l u r e  data is very  poor ly  documented and scarce. 
This survey found only  f ive  programs where t h i s  data w a s  
recorded .  Furthermore, even f o r  t h e s e  f i ve  progrants only  
the number of types of f a i l u r e s  are t abu la t ed  wi th  no 
r e f e r e n c e  t o  t h e  number of components or  weight of each sub- 
system: Subsystem f d i l u r c  d a t a  w a s  acqui red  from REferences 
29, 40, 4 1  and 4 2 .  This  d a t a  w a s  lo t ted i n  F igu re  8.7 

of subsystem f a i l u r e s  might seem high ,  by comparison t o  t h e  
number of f a i l u r e s  r epor t ed  dur ing  t h e  S/C q u a l i f i c a t i o n  
and acceptance  tests, it s h o u l d  be remembered. t h a t  t h e s e  
fa i lures  m u s t  be amortised over  s e v e r a l  S/C. When t h i s  
is done t h e  f a i l u r e  rates are of t h e  same order of  magnitude 
as the i n d i v i d u a l ,  un te s t ed  s p a c e c r a f t .  t 

as percentage  of f a i l u r e s  versus  g 3 t. Though t h e  percentage  
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9.0 VALIDATION OF g 2 t  SEVERITY FACTOR 

The two most impor tan t  assumptions Lsed Lr. der iv ing  t h e  
g2t  s e v e r i t y  f a c t o r  were: 

(1)- S/C f a i l u r e s  are propor t iona l  t o  g 2 t  
(2 ) -  The f a i l u r e  ra te  (A) is  c o n s t a n t  

F igures  8.1 and 8.2, i n  which spacec ra f t  f a i l u r e s ,  normalized 
to weight and piece-paxt  coun t ,  plotted a g a i n s t  g z t ,  
show t h a t  a s t r t i g h t  l i n e  w i t h  a s lope  of 4 5 O  w i l l  f i t  t h e  
average f a i l u r e  races over  a reg ion  exceeding two orders 
of magnitude. The for.ty-five degree slope, on log-log 
paper, i n d i c a t e s  t h a t  t h e  r e l a t i o n s h i p  i s  l i n e a r  or there-  
fore, t h a t  f a i l u r e s ,  on t h e  average, are d i r e c t l y  p ropor t iona l  
to t h e  g 2 t  va lue  and the re fo re ,  t h a t  t h e  f a i l u r e  rate i s  
cons tan t .  Furthermore, s i n c e  A t  i s  equal  t o  t h e  expected 
number of f a i l u r e s  then  t h e  r e l i a b i l i t y  of a S/C v i s  a v i s  
vibration f a i l u r e s  can be c a l c u l a t e d  by us ing  Figures  8.1 
or 8.2, knowing e i t h e r  t h e  S/C weight or par t  count. 

A second way i n  which the  o r i g i n a l  assum2tions have been 
validated is to  compare the  f a i l u r e  rates of S/C with  a i r -  
borne equipment plotted i n  MIL-STD-217 from f i e l d  performance 
data. This  data is  p1oT;ted i n  Figure 9.1 and superimposed 
upon it is  t h e  S/C MTBF based on a 5 g 
launch and boost environment us272 thevata  plottea on Figure  
8.2. 

and 1 0  gms 

As can be seen i n  F igure  9.1, t h e  S/C MTBF is  s l i g h t l y  
lower than t h a t  for airborne equipnent.  
s i n c e  i n  general a i rbo rne  eauipment is  subjec ted  t o  a 
less severe  v i b r a t i o n  environment. 
t h a t  t h e  MIL-STD-217 wrve  vas n o t  used i n  any prior 
c a l c u l a t i o n s  and t h a t  t he  c a l c u l a t e ?  m i s s i l e  environment 
MTBF zgrees  w e l l  w i t h  t h e  er,pirical f i e i d  data. 

This  i s  reasonable ,  

It must be em2hasized 

Because of t h e  i spo r t ance  of t h e s e  c a l c u l a t i o n s ,  i n  he lp ing  
t o  validate t h e  g 2 t  r e l a t i o n s h i p ,  a work s h e e t  has  been 
included i n  A p e n d i x  C d e l i n e a t i n g  t h e  manner i n  which 
t h e  MTBF can be calculated from t h e  f a i l u r e  ra te  data curves 
of Figure 8.2. 
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10.0 F a i l u r e  Rates 

As previous ly  mentioned i n  Section 7 between 25 and 50% of 
t h e  problems experienced i n  t h e  l abora to ry  could be de f ined  
as ca t a s t roph ic ,  whereas only  26% of t h e  v i b r a t i o n  f l i g h t  
anomalies are found t o  be seve re ly  d e b i l i t a t i n g  t o  S/C 
performance . Furthermore, it was found from t h e  subsystem 
f a i l u r e  rates t h a t  t h e  ra te  of mechanical f a i l u r e s  was 
1/5 t h a t  of e l e c t r o n i c  subsystems, Therefore ,  t h e  fo l lowing  
f a i lu re  rates should be used fo r  c a l c u l a t i n g  v i b r a t i o n  
induced f a i l u r e s :  

1001 Expected en&onrnental T e s t  F a i l u r e s  

If each subsystem has  been t e s t e d  pr ior  t o  system tests then  
the f a i l u r e  rates shown i n  F igures  8 . 1  and 8.2  should be 
used l y i n g  between t h e  - < a n d  mean va lues  according t o  t h e  
g2t l eve l :  On t h e  other hand, i f  no p r e t e s t i n g  w a s  done 
then  t h e  +<va lue  should be used. 

1002 Expkcted Subsystem Environmental T e s t  F a i l u r e s  

The subsystem f a i l u r e  rates found dur ing  t h i s  survey are 
shown i n  Figure 8.7 .  For t h i s  case, t h e  f a i l u r e  rates are 
shown as a percentage of f a i l u r e s  or demonstrated r e l i a b i l i t y .  
These subsystems are understood t o  p r imar i ly  c o n s i s t  of 
small e l e c t r o n i c  subsystems weight ing between 5 and 20 pounds. 

10.3 F l i g h t  F a i l u r e s  

As previous ly  shown i n  Se:, ms 8.2 and 8 - 3  t h e  f l i g h t  
f a i l u r e  rate i s  independent of the  manner i n  which t h e  vibra- 
t i o n  environmental tests were performed b u t  n o t  of t h e  t es t  
pat tern.  Therefore, t h e  f l i g h t  f a i l u r e  rate should be 
chosen from Figures  8.; and 8.2,  wi th  t h e  mean va lue  as t h e  
best estimate, 25% of t h e s e  f a i l u r e s  would be considered as 
s e r i o u s l y  a f f e c t i n g  t h e  performance of t h e  S/C. 
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11.0 EFFECT O F  ACCEPTAXE TEST a 2 t  ON FLIGHT FAILURE 
RATE 

General  

:Ct has l ong  been knoxn, a t  least  i n t u i t i v e l y , '  t h a t  p r e t e s t i n g  
a A l i g h t  model can weaken it and s e r i o u s l y  a f f e c t  i t s  
f l i g h t  wor th iness .  A method has been devised i n  t h i s  s e c t i o n  
showing how the S/C f l i g h t  r e l i a b i l i t y  changes wi th  t h e  
acceptance  test  s e v e r i t y  (g2 t )  . Unfortunately,  t h e r e  is 
not enough d a t a  a v a i l a b l e  to  determine t h e  optimum accep- 
tance test level;  however, t h e r e  is enough to determine t h a  
f l i g h t  wor th iness  of th:e a c t u a l  q u a l i f i c a t i o n  t e s t  ar t ic le .  

. 11.1 100% S/C L i f e  i n  a Vib ra t ion  Environment 

In order t o  c a l c u l a t e  t h e  r e l i a b i l i t y  of a S/.C a f t e r  
acceptance  t e s t i n g  and refurbishment ,  t h e  100% S/C. l i f e  must 
be known o r  t h a t  g2t cond i t ion  i n  which a l l  systems experi- 
ence a t  leas t  one serioas problem. Assuming t h a t  each 
spacecraft system c o n t a i n s  between 500 and 1000 components 
then, i n  f l i g h t  t h e  g 2 t  r e q u i r e d  t o  genera te  between 1 and 
2 s e r i o u s  f a i l u r e s  per 1000 components, or 100% S/C l i f e ,  
is 4 0 , O O O G  g2 t  5 8 0 , 0 0 0 .  
tested S/C f a i l u r e  ra tes  and s t a t i s t i c a l  data showing t h a t  
1/4 the f l i g h t  v i b r a t i o n  problems are serious.) 

(From Figure 8.2,  Qs ing  t h e  pre- 

11.2 Acceptance T e s t  Levels  vs. F l i g h t  F a i l u r e  Rates 

The survey  data sample, t a b u l a t e d  i n  Table V I I ,  was examined 
to determine if t h e  f l i g h t  f a i l u r e  ra te  w a s  s e n s i t i v e  t o  
the  acceptance  test g2t. 
c a l c u l a t i o n s  is  i n  Appendix D, and t h e  results plotted i n  
Figure 11.1. 

The work s h e e t  showing t h e s e  

While t h e  correlation between t h e  estimated 100% S/C l i f e  
and t h a t  e x t r a p o l a t e d  f r o m  t h e  acceptance t e s t  f a i l u r e  rates 
VS. gzt ,  d i f f e r  by a fac tor  of two,. t h i s  d i f f e r e n c e  i s  n o t  
cons ide red  excessive cons ide r ing  t h e  spread of t h e  basic 
data 

There are now two c u r w  : showing f l i g h t  f a i l u r e  rates as 
a f u n c t i o n  of te;t l e v e l s .  The f i r s t  one, derived i n  Sec t ion  8, 
s h o ~ ~ s  how a s p a c e c r a f t  type  i s  improved wi th  h ighe r  qualifi- 
catio-i test s e v e r i t y  factor :  (g2 t )  (Figure 8.5,  8.6). 
The secon3 one, de r ived  i n  t h i s  sec t ion  shows how an i n d i v i -  
'dual  s,>acccraft is Lfcc ted  by t h e  prelaunch test envirmment,  

1 



These t w o  cxrves  are superimposed i n  F igure  11.1. The 
f l i g h t  r e l i a b i l i t y  l w c l  of any s p a c e c r a f t  can be c a l c u l a t e d ,  
using F i g u r e  11,1 i f  t h e  S/C Q u a l i f i c a t i o n  and Acceptance 
Vibrat ion T e s t  l eve l s  and du ra t ion  are known. 

F l igh t  r e l i a b i l i t y  ca l cu la t ions  can be made us ing  t h e  fo l lowing  
r e l a t i o n s h i p  : 

..  

where: 
v.l’ 

e = B a s e  of t h e  n a t u r a l  logor i thm (2.7182 ....) 
A t  = expected f a i l u r e s  a t  t h e  q v a l i f i c a t i e n  t 

acceptance l e v e l  g2t  

-.22)= a empirical f a c t o r  used t o  accbunt  fo r  t h e  
fact  t h a t  t h e  q u a l i f i c a t i o n  and acceptance 

(gLtqual - )  f a i l u r e  data cannot be separa ted .  T h i s  factor - w i l l  make t h e  f l i g h t  f a i l u r e  rate e q u a l  t o  t h e  
Qual  type  f a i l u r e  rate a t  g2 t  q u a l  = 4.5g2t 
accept . , t h e  most u s u a l  r a t i o  . 

(g2tacc 

As can be seen ,  t h i s  formula p r e d i c t s  t h a t  t h e  
r e l i a b i l i t y  for any s p a c e c r a f t  occurs  when t h e  
t e s t  g 2 t = 0 .  While t h i s  i s  d e f i n i t e l y  t r u e  for 
failures it is n o t  t r u e  for f a i l u r e s  caused by 
i n t o  the S/C which i s  what t h e  acceptance t es t  
to uncover. 

It would seem, t h e r e f o r e ,  t h a t  u n t i l  more d a t a  

m a x i m u m  
acceptance 
random type  
defects b u i l t  
i s  supposed 

becomes a v a i l -  
a b l e  on acceptance  t e s t i n g  f a i l u r e s ,  t h a t  t h e  acceptance 
g 2 t  v a l u e  should  be  chosen so t h a t  they  ere a t  least t w i c e  
and p o s s i b l y  t h r e e  t i m e s  more severs than t h e  launch v ibra-  
t i o n  environment.  This  would p l ace  t h e  g 2 t  accep t  a t  180, 
for SIC using l i q u i d  f u e l e d  launch vehic1e.s  

11.3 F l i g h t  Worthiness of t h e  Q u a l i f i c a t i o n  Sl‘C 

As a g e n e r a l  r u l e  t h e  q u a l i f i c a t i o n  nodel  i s  n o t  r e fu rb i shed  
and flown, Two cascs were found, however, where a q u a l i f i -  
cation S/C was r e f u r b i s h e d  and launched. These S/C t h e r e -  
after operated wi thout  any apparent  launch induced v i b r a t i o n  
problems. 

The r e l i a b i l i t y  of a q u a l i f i c a t i o n  test model may be c a l c u l a t e d  
from t h e  flight re l iab i l i ty  f o n w l a  by using g2t  ACCEFTMIC”; = 
g2t Q U A L I F I C A T I O N .  
f a c t o r s  which w i l l  determine t h e  f l i g h t  r e X a b i l i t y  of the 
S;C* 

In this cas2 there are two opposing 
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If the qualification t e s t  is very severe the flight reli- 
ability of the production flight S/C will be increased; how- 
ever, the reliability of the test specimens will be very low. 
On the average, if the qualification test is not severe, the 
S/C flight reliability will tend to be low, whereas, the 
reliability irf the refurbished test article will be high. 

The flight reliability of a refurbished qualification S/C 
was calculated and plotted in Figures 11.2 and 11.3 as 
reliability versus the qualification g2t for  a S/C with 
10,000 and 90,090 2omponents respectively. For comparison, 
the flight reliability of a production S/C (where the 
acceptance g2t was eqflal to .22 times the qualification g2t) 
was plotted on the same figure. These calculations were 
made f o r  the serious case where the flight failure rate is 
1/4 t h a t  of the total nuder of flight induced vibration 
pyoblems. 

The flight worthiness of a refurbished S/C i k  highly depen- 
dent upon the size or ,-.umber of components contained within 
it. A small S/C (N=10,000) qualification test model can 
have a flight reliability factor of 95.5 by comparison to 
t he  acceptance test model with a flight reliability of 9 7 . 5 % .  
The lsrger S/C (N=90,000) qualification test model will 
have a maximum reliability of 67%,  whereas the accepeance 
test model will have a reliability level highly dependent 
on the severity of the qualification test. 
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12.0 Applicat ion ol' R e l i a b i l i t y  Theory t o  S/C F a i l u r e  
Data 

The a n a l y t i c a l  and empir ica l  r e l a t i o n s h i p s  der ived  withing 
t h e  previous s e c t i o n s  can be used t o  calclcllate t h e  probabi l -  
ity of a v i b r a t i o n  problem occur r ing  during t h e  powered 
po r t ion  of  t h e  S/C mission as a func t ion  of t h e  q u a l i f i c a t i o n  
test l e v e l s  and du ra t ion ,  t h e  complexity of t h e  S/C and 
t h e  s e v e r i t y  a f  the f l i g h t  environment. 

Laboratory development and acceptance test f a i l u r e  rates for 
both system and smsys tem t e s t i n g  have a l s o  been presented-  
In fact enough f a i l u r e . r a t e  d a t e  is presented t o  determine 
on a purely economical basis, t h e  m o s t  e f f i c i e n t  type  of S/C 
vibration test program needed, commensurate with t h e  desired 
r e l i a b i l i t y ,  providing t h a t  t h e  cost of the launch veh ic l e ,  
spacecraft, and l a b o r a t o r y  r e n t a l  or o p e r a t i o n a l  charges  
are ava i l ab le .  

_ -  
For example, i f  a spacecraft wi th  10,000 components is 
designed, what w i l l  be the r equ i r ed  test levels and t h e  
expected l ab ra to ry  f a i l u r e s  r equ i r ed  to achieve a specified 
f l i g h t  r e l i a b i l i t y  assuming a f l i g h t  g 2 t  of 6-60, . -  

Using Figures  8 - 2  and 8 - 6  and remembering t h a t  t h e  expected 
fialures are equal  t o  A t ,  t h e s e  ques t ions  can be quick ly  
answered and are t a b u l a t e d  i n  T a b l e  V I I I .  If, however, t h e  
ques t ioa  w a s  directed a t  t h e  p r o b a b i l i t y  of a s e r i o u s  
prcblem occurr ing  then t h e  f a i l u r e  rate used would be 1/4 
t h a t  used for any v i b r a t i o n  problem occurr ing,  t h i s  w a s  
done and presented i n  Table IX. 

The l a s t  t a b u l a t i o n  is each table is €or t h e  case i n  which 
no v i b r a t i o n  t e s t i n g  w a s  performed prior t o  f l i g h t .  
r e s u l t s  f o r  t h i s  case i n d i c a t e  t h a t  on t h e  average t h e r e  is  
a 90% p r o b a b i l i t y  of a v i b r a t i o n  induced anomaly occur r ing  
with a 20% p r o b a b i l i t y  t h a t  it w i l l  be seri .ous.  

The 

Tables  VI11 and IX also sh  w t h a t  if t h e  normal acceptance 

of a v i b r a t i o n  problem occurr ing  would drop to 20% and 
t h e  p r o b a b i l i t y  of a s e r i o u s  problem would be only 5 % .  

test was only performed (g 9 ts 430) then t h e  p r o b a b i l i t y  
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APPEND1 CES 

A. FLIGHT FAILURE RATE VERSUS ENVIRCNMENT TESTING 
PROCEDURES .- 

B. CONPARISON OF FLIGHT FAILUEE RATE WITH G ~ T  
QUAI-LFICATION LEVELS 

C .  CALCULATION OF SYSTEM MTBF 

D. FLIGHT FAILURES versus ACCEPTANCE TEST LEVELS 
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APPENDIX B - CO?!?hRISGN OF FLIGiiT F A I L U U  RATE 

WITH C2T QUALIFICATIOH LEVELS 

15 . 
19 
28 

TABLE 8-1 

g 2 t quali,,cat 

8.50 
8.30 

22.0 

on 1400-2200 

7 
13 

(1000) (loot1 IT 
5 6 . 0  1 154.0 

203.9 I 207 . 6 

c/c I wt/100 
*.' 

F.C.F.* Flight S/C N/lOGO 

5.114 
6.00 

21.  SO 
29.39 

a i l u r e s  
Foss. , 

f l t .  
Prob. 

0 
0 
1 

* o  
0 
1 
-- 

1 
1 
1 
1 
1 

8.0 I 
1 
0 
1 
0 
0 
2 

.- 

1 
1 
5 
1 

5.1 . 
6 . 0 .  

107.5 
29.3 

1.3 
1.5 

42 .5  
8.3 

I I I 

. _  . . .  

. .  

= I. to 3 = .00482 to ,0144 Failures/lOOt 
207 . 62 h?t ' 

= 1 to 3 = .00490 to ,0147 Failures/lOOO components 
203.9 t A N  

. . .  TABLE B-2 
g2t qualification 2 

. .  

w t  
( l U O P l !  

30-5000 

F.C.F. 

- 
1 
6 
6 
6 
1 
1 
6 
6 
I 
1 

N 
(1000) 

6.9 
75.6 
20%. 0 
72.0 
75.6 
27.6 

207 0 
230.4 

- 9.7 
8.3 

1001.1 . 

N/l030 wt/100 

3.2 . 86 
4-58 
e 83 

5.75 
4. 47 
1.72 
2.85 
1.40 
1.40 

F l i g h t  S/C 

- 
1 
3 
4 .  
1 
2 
2 
3 
8 
1 
1 

26 

s/c 
. .  

- 1  
2 
3 
6 
10 
21 
li  
18 
23 
24 

ai lures 
Pos s : -c_ 

0 
0 
0 
1 
0 
0 
0 
3 
0 
0 
4 -- 

Fit. 
Ex- 

0 
1 
0 

' 0  
0 
0 
1 
2 
0 
1 
5 

6.9 
4.2 
12.0 
12.0 
37.8 
13.8 
11.5 
4.8 
9.7 
8.3 

3.2 
1s. 5 
110.0 
5.0 
11.5 
8.9 
30.9 
136-8 

1 . 4  
1 . 4  

324 . 7 

5 to 9 = .0154 to ,0277 FailuLes/lOOg 
324.7 
-- h w t 1  

= 5 tu 9 = .00499 to .00899 Failures/1000 components 
h(N) m 1 -  

*Flight normalization factor to account for X-248 r e s o n a n t  burn c o n d i t i o n .  
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17 
16 

30 
80 

-- 
. 0.874 
58.00 

TABLE B - 3  

g2t qualification 6500-8000 

- 

w t / I O O  T-- N/1000 

I 

Y 

F.C.F.* 

. 1  
1 

- .  
_--- 

I . 

4 6 4 . 0  
1 

= 1 to -4 = .000732 to .00294 Failures/lOOf 
1360 t hit 

t h N  = I t 0 4  = ,00149 to .00599 Failures/1000 comporients 
6 6 7 -  

0 
3 
3 

__-..e 

. .  



Appendix C - Calculation of System MTBF 

. 
Time Expected Failures per )(= Nf 

(minutes) g2t 1OOOComponen ts (Nf/10 OON) No 

‘1 25 .005 . 005 
1 0  250 .05 .005 
100 2500 05 .005 
1000 25,000 5.0 0 005 

Basic reliability tiieory cou?led with the FARADA vibration 
environmental K factors has shown thLt the number of failures 
Nf is proportional to g2t. 
for the qualification, acceptance and flight vibratior. 
environments has correlzted this as shown in Figure 8.2  where 
Nf/No is seen to be propofeional to g*t. 

Actual S/C failure data, collected 

. x =  Nf 
Not 

Now by definition: 

- 

F r o m  Figure 8 . 2  

e 
0 0  - 

N 
f z  
Mo g 2 t  .. 

- A t  F r o m  this we see that the reliability of a sy ,em R ( t )  = e 
can be calculated by either integrating the g’k. t vibration ‘ 

environment or by dividinl; t h e  g 
increments so that R ( t )  = t e ( h x s * +  A2 f +An tn) 

t hieto y into small A t  

If a S/C is subjected to a 5 g 
number of failures ( ). t) as a?!&ction of time is shown in 
Table C-1 using the S/C failure rate data of Figure 8.2.  

environment, then the expected 

= 5  rms- Table C-1 S/C Failures vs. time @ g 

. 
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Since MTBF = l/), 

then 

= (Min) 1000 Components 
(.005)N r m s  MTBF @ 5 g 

if N = 1000 then KTBF = 1000  Min = 200 Min- = 3 . 3 3  Hrs. 
1000 (.005) 

N = 100 then  MTBF = 10’00 Min = 2000 Min. = 3 3 . 3  Hrs. 
1 0 0  (.005) 

N = 10 t h e n  MTBF = 1000 Min 
1 0  (.005) 

= 20,000 Min. = 333 Hrs. 

.- 

Similarly @ 1C srms MTBF (HRS) 

100 8 . 3  
1000 I . 8 3  
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APPENDIX D 

FLIGtlT FAILURES versus ACCEPTANCE TEST LEVELS 
. -  

1 x 2 ~ 3  
(Product) 

30.6 
30.6 
75.6 
107.5 
175 
29 -3 
27.6 
9.7 
8.3 
I2 
9 
5 

420 . 
292-5 

- .  
. .  .. . . 

. -  

2 g t Acceptance Test L e v e l s :  0 to 760 - -  
- -- - F-mh - t 
- Probs ble 

0 
0 
0 
1 
0 
0 
0 
0 
1 .. 0 
0 
0 -  
0 
0 

- 
Acceptance 
T e s t  - g2t , 

759 
159 
461 
4 76 
138 
52 5 
461 
636 
636 
494 
194 
494 
37 7 

0 - 

.---_I. 

Spacecraft 

8 .  
9 
10 
15 
16 
19 
21 
23 
24 
2s 
26 
27 

. 28 
168 

Flight 
s/c -- 

1 
1’ 

*: 2 
5 
3 
1 
2 
1 
1. 
1 
1 
1 
7 
3 

N ~ ~ o - ~  - 
5.’ 
SOL 
37.8 
21.5 
58.5 
29.3 
13.8 

9.7 
8.3 

1 2  
9 
5 .  

‘3 
58.5 

F.C.F. 

6 
-6 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

. _  

1232 .7 2 .  
- .  
6 

.. 

. .sm . -  
1 .  . - .  

. .. .. . - .  

. .  - .  
a .  . . -  - .  . .  

. .  

. .  . . . .  
. .  . _  . . . .  

.: : 

. . . _  
- .  . .  

. _ - .  

. .  . 
. -  

- .  . -  

. .  

- . Failure Rate = 2 
1232,7 

- .  

Failure rate = ,00162 to ,00649 Failures 
. XOOO components 

*Flight Correction Factor 
resonant burn condition. 

- .  

. .  . - _  . .  - 
used to account for the‘X-248 

. .  
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2 g t Acceptance T e s t  Levels 1000 - 2600 

Acceptance' Fligir t 1 x 2 ~ 3  
2pcecraft  92 t -- - N ~ ~ o - ~ ,  - " S ~ C  F.C.F. (Product) 

2 1800 4.17 3 6 75 

6 20GO 5.2 1 1 5.2 * 

1 1000 6 -9  1 1 6 .9 
3 1000 12 4 6 288 

207 - 

20 SUH 620 . 5 4 -  4 

' 11 1800 11.5 3 6 
18 1600 4.8 8 1 38.4 2 - *  -- -_- 

a - Failure R a t e  = 4 to - 
620.5 620.5 

Failures -- - 
- .  3.000 conponeit t s  

Failure Rate = .OOG4 to ,0128 

. .  .. . 
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